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INTRODUCTION 
The inner walls of pipes and nozzles used in nuclear power plants are susceptible to 
degradation by mechanism such as stress corrosion cracking. To protect these inner walls 
against excessive corrosion and the formation of cracks, a cladding layer is used. The clad 
layer generally has anisotropic elastic properties and complex surface topology. 
Detection of such cracks on the inner walls of pipes and nozzles is of great concern 
for the nuclear power industry. To inspect these pipes and nozzles for cracks appearing 
around their inner walls, ultrasonic techniques are periodically used. However, there are 
complications in ultrasonic inspection of such pipes and nozzles. The shape and anisotro-
pic properties of these claddings influence ultrasonic wave propagation, which in turn 
complicates the ultrasonic inspection of such components. Therefore, there is an interest in 
modeling the ultrasonic wave propagations through such pipes and nozzles. 
In this paper, the ultrasonic wave propagation through the isotropic part of the 
components, and into the anisotropic clad region is modeled. Then, this model will be used 
to compute the response of an ultrasonic signal from a surface crack emanating from the 
inner wall of the clad region. 
GENERAL APPROACH 
Geometrical Description of the Cladding 
To study the propagation of an ultrasonic beam through the clad layer, one must 
define the geometry of the clad surface. However, the surfaces of the cladding regions are 
complicated, and they depend on the method by which the clad material has been applied. 
Nevertheless, we can approximate the general shape of the clad surfaces with some simple 
analytical functions. To define the surface of the cladding region in this study, the follow-
ing analytical functions were used. 
I rID 1t e I ro = rID - to - ho cos - -- (1) 
I rID 1t e I ri = rID + ti + hi cos - -- (2) 
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Figure 1 shows the cross-sectional area of a pipe or nozzle, and the clad geometry assumed 
in this study. As equations (1-2) show, the clad surfaces and the pipe or nozzle geometry 
can easily be define with seven measurable parameters. This simple analytical description 
of the geometry of the cross-sectional area saves computation time when using the model. 
Assumed Grain Structure of the Claddin& 
The clad material has also a complicated grain structure. During the solidification 
of the clad material, the grains grow with cubic crystallographic axis parallel to the heat 
gradient. This causes the clad material to have anisotropic properties. Figure 2(a) shows a 
realistic description of the grain alignments in the clad area. However, such description of 
the clad region causes the material to be inhomogenous. To overcome this complexity, a 
more simplistic grain morphology was assumed for the present study. Figure 2(b) shows 
the assumed grain structure used in this study. 
Beam Propagation 
In this study, the ultrasonic beam originate from a transducer, passes through a 
wedge, then it enters the pipe or the nozzle, and finally interacts with the cladding region. 
The beam propagation is divided in two parts. First, the propagation of the beam through 
isotropic part, which includes the wedge and the pipe or nozzle is considered. The second 
part is the propagation into the anisotropic region (clad). 
For propagation through isotropic parts, the Gauss-Hermite beam model is used [1-
3]. This approximate model has the advantage of being computationally fast while consid-
ering beam spread, and it can be adapted to a wide variety of problems. The Gauss-
Hermite beam model can predict the ultrasonic field radiated into isotropic and anisotropic 
materials through planar or simply curved interfaces by focused or unfocused transducers. 
In this study the Gauss-Hermite beam model is used to propagate the beam from the trans-
ducer through the wedge, and into the isotropic pipe or nozzle. Then, the Poynting vectors 
at the interface between the isotropic metal and the cladding surface are computed. These 
vectors define the incident rays at each point on the surface of the cladding. 
The propagation through the anisotropic region is done by using ray tracing method. 
The Poynting vectors computed by the Gauss-Hermite beam model are transmitted through 
the clad's upper surface in accordance with the laws of refraction. Then they are reflected 
from the clad's bottom surface. Also, the field obtained in the first part are corrected for 
transmission and reflection coefficients, and the phase change in the clad region. More-
over, the rays are considered to define flux tubes, and conservation of energy is applied. 
Although the ray tracing method ignores any diffraction related beam spread, the distance 
traveled is small enough that this is believed to not generate too much error in our computa-
tion. 
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Figure 1. Cross sectional area of a pipe or nozzle with geometrical description of the clad 
region. 
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(a) (b) 
Figure 2. Grain morphology of the clad region, (a) realistic grain structure, (b) assumed 
grain structure 
Figure 3a illustrates the beam propagation through the isotropic part using the 
Gauss-Hermite beam model. Figure 3b shows the propagation of the beam through the 
anisotropic region (clad). The arrows in the clad region show the group velocity direction, 
in which the energy travels. 
Ultrasonic Response from a Crack (Auld's Reciprocity Relation) 
To predict the electric voltage signal which arises from backscattering of an ultra-
sonic beam from a crack, Auld's reciprocity formula [4] is used. In that formula, Auld 
defines a single, dimensionless reflection coefficient r which is directly proportional to the 
electromagnetic fields in the cable. Then, for a nonpiezoelectric elastic media and general 
pitch-catch geometry, he derived a relationship for the change in r that is produced by 
present of a flaw. 
r flaw - rna flaw = 4~ f (V1 . T2 - V2 . T1)· n dS 
s 
(3) 
In the above equation, V 1 and T 1 are the complex amplitudes of the time-harmonic velocity 
and stress fields which occur in the absence of the flaw. V 2 and T 2 are the fields which 
would occur in the presence of the flaw under the same conditions. The Vector n is an 
outward normal vector to the surfaces of the flaw. 
Since the net stress must vanish on the surface of the crack, T2 . n is equal to zero 
in the integrand of the equation (3). Thus, equation (3) reduces to 
-1 f V2 
4P 
n dS (4) 
s 
(a) 
Figure 3. Beam propagtion through a pipe or nozzle with cladding. (a) Beam propagation 
through the isotropic part. (b) Beam propagation through anisotropic part (clad). 
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As is shown in Figure 4, each point on the surface of the crack, S, is illuminated by both 
direct rays coming from the top interface (solid arrows) and rays reflected from the bottom 
interface (dashed arrows). 
Reference Signal 
The change in reflection coefficient or is frequency dependent. Therefore, to 
predict the response from a crack, computations are most readily performed in the fre-
quency domain. To determine the observed voltage, this reflection coefficient must be 
multiplied by the spectrum of a signal emitted by the transducer, which can be determined 
from a reference, pulse-echo signal from a known surface. A measurement model [5] is 
then used to correct for the effects of beam diffraction, reflection coefficient, attenuation 
and phase changes on the reference signal. The output of the measurement model would be 
the spectrum of the signal emitted by the transducer. Finally, this spectrum is convolved 
with the crack model to predict the signal observed in the laboratory. 
EXAMPLE PROBLEM 
To investigate the effects of the cladding on the response from a crack, a model 
problem was chosen, and the above procedure was used. A 2.25 MHz, 1.27 cm diameter 
planar transducer with piston radiation pattern was selected to excite a beam which propa-
gated through a wedge placed on the outside and then into a pipe with outer and inner radii 
of 15 and 12 inch respectively. The pipe was assumed to be made of ferritic steel, with 
austenitic steel cladding around its inner wall. A half a circle surface-breaking crack was 
considered to be located perpendicular to the bottom surface of the clad, and the central ray 
is always in the plane defined by the normal to the crack face and clad surface. The inci-
dent angle was chosen such that the transmission angle into ferritic steel remained at 45°. 
Parameters defining the shape of cladding, hi' h , D, ti and to (see equations (1-2) and 
Figure 1) were assumed to be 0.15, 0.3, 3.0, O.O~ and 0.05 inch respectively. The crack 
radius was chosen to be 0.08 inch. 
The elastic constants used for ferritic steel are C[ =C.u=C 3=275.0 GPa, 
c 12=c 13=C23= 11 3.2 GPa, C44=C,5S=C66=80.9 GPa, and denSity of7900 Kg/m3. The elastic 
constants for transversely isotropIc autenitic steel were chosen to be Cu=Cn.=262.7 GPa, 
C33=216.0 GPa, C 12=98.2 GPa, C 13=C23=145.0 GPa, C44=Css=129.0 (iPa, C66=82.3 GPa, 
and density of 812U Kg/m3. 
To simulate an experiment using our model, an input reference signal is needed. A 
pulse-echo signal reflected from the top surface of a steel sample was used. The reference 
model embedded in our crack response model corrected that reference signal to achieve the 
signal emitted by the transducer. 
SOME SPECIFIC MODELING DETAILS 
To investigate the ultrasonic response from a crack embedded in the clad region, ray 
tracing is performed and the intersections of the rays with the crack are found. Our model 
transmit the incident rays in the vicinity of the central ray, from the upper surface of the 
clad, and determines if they intersect the crack directly or indirectly. The way that these 
---
Figure 4. Surface crack being illiminated by both direct rays and reflected rays. 
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rays are selected is to choose many points on the upper surface of the clad. These points 
are chosen to be close to the point where the central ray intersect the upper surface of the 
clad, where most of the energy of the beam is concentrated. The spacing of these points 
primarily depends on the wavelength of the beam. To ensure full description of the beam 
for the ray tracing, we chose the spacing such that there are at least three points on each 
wavelength. 
Figure Sa shows some of the rays incident on the crack in the vicinity of the central 
ray which have been transmitted and reflected in the clad region for a given crack and 
transducer locations. As it can be seen in Figure Sa, some of those rays intersect the crack 
directly and some indirectly. In this study, it is assumed that the size of the crack is small, 
thus the field over the face of the crack could be considered to be uniform. Therefore, we 
only need to know one of the rays that hit the crack directly, and one of those rays hitting 
the crack indirectly. To find these two rays, representative rays hitting the crack directly 
and indirectly are found by an averaging procedure. Figure 5b shows those two representa-
tive rays. 
As was mentioned previously, transmission and reflection coefficients and the phase 
change for each ray are found. Then, the amplitude and the phase of each ray is modified 
according to these coefficients. Also, each ray is considered to define a flux tube, and 
conservation of energy is applied. In this way, any effects of focusing or defocusing of the 
beam due to the geometry of the clad's surfaces are considered. 
To compute the response of an ultrasonic signal from a crack, both transducer (or 
wedge) and crack positions have to be defined. To ease the definition of these two loca-
tions for an operator using our model, the following mathematical description is used. 
Each cell of the clad region is defined as an area between two adjacent thinnest points of 
the cladding. Both upper and lower surface of each cell is defined as a cosine function 
varying between -rrl2 and +rrl2. Therefore, each point on the surfaces of clad cells could be 
defined as nrrl2, where n varies between -1.0 to 1.0. Hence, the left side of each cell is 
defined as -1.0, and the right side of each cell is defined as 1.0. Consequently, the thickest 
part of each cell would be location 0.0. This way the crack location could be defined 
anywhere on each cell. The crack orientation is always normal to the clad's lower surface, 
and the central ray is always in the plane defined by the normal to the crack face and clad 
surface. The transducer (or wedge) location is found by defining the point of entry of the 
central ray of the beam into the upper surface of each cell. Again, that point of entry can be 
defined as a fraction between -1.0 and 1.0. 
RESULTS 
First, it was assumed that the crack is located at the thinnest part of a clad cell (-1.0 
location). Then, the response from different transducer location from such crack was 
computed. It was noticed that the strength of the response is highly dependent on the 
location of the central beam on the upper side of the clad cell (transducer or wedge loca-
tion). Figure 6 shows the response from three transducer locations. At certain transducer 
locations, there where fewer rays intersecting the crack than the of locations. Furthermore, 
(a) (b) 
Figure 5. Direct and indirect rays intersecting a crack in the clad region. (a) All the 
considered rays, (b) the average of those rays intersecting the crack directly and indirectly. 
311 
a) 
b) 
c) 
Figure 6. Responses from a crack at different transducer location, a) transducer loca-
tion = -0.7 , b) transducer location = 0.0, c) transducer location = 0.7. 
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at some transducer locations, the rays were hitting the crack at very high incident angles, 
thus not producing strong signals. On the other hand, at some transducer locations there 
were many rays intersections with the crack from different regions on the upper surface of 
the clad, and the rays were hitting the crack with angles closer to normal. 
As it can be seen from Figure 6, when the central ray is at position 0.7, a stronger 
response is predicted for the crack. This is contrary to the intuitive notion that, by being 
closer to the crack, a stronger response would be achieved. In this case, when the central 
ray location is at 0.7, more rays intersect the crack, and they make smaller incident angles. 
By scanning the central ray over the upper surface of the clad (or scanning the 
transducer), one can find the peak-to-peak response from a crack against the transducer 
location. Figure 7 shows the plot of crack response versus transducer location. Such 
curves could be useful for determination of optimum places for transducer location, or they 
can be use to generate a scan plan. 
Figure 8 also shows the crack response versus transducer location for a crack 
located at -0.7. As it can be seen from this Figure, the best response would be achieved for 
a transducer location of -0.3. 
CONCLUSION 
In this study, the propagation of an ultrasonic beam into the clad region from the 
ferritic side was modeled. The model uses the approximate Gauss-Hermite solution for 
propagation through the ferritic (isotropic) region, and ray tracing method for propagation 
through austenitic (anisotropic) clad region. Then, the ultrasonic response from a small 
crack inside the clad region was studied. The results showed that the crack response is very 
sensitive to the transducer location on the outer diameter of the pipe or nozzle. 
The future plan is to assume more realistic grain structure in each clad cell. Also, 
the response from larger cracks which could extend into the ferritic region would be mod-
eled. Furthermore, experiments will be performed to validate the results obtained from the 
model. Finally, the beam propagation from the clad side into the ferritic region will be 
considered. 
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Figure 7. Peak-to-peak amplitude response from a crack located at -1.0 versus the 
transducer location. 
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Figure 8. Peak-to-peak amplitude response from a crack located at -0.3 versus the 
transducer location. 
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